Abstract-Crosstalk among telephone lines in the same or neighboring bundles is a major impairment in current xDSL systems. This paper proposes a novel idea of an impartial third party that identifies the crosstalk coupling functions among the twisted pairs in these xDSL systems. The crosstalk identification technique includes the following four major procedures: 1) the transmitted and received signals from each DSL modem for a predefined time period are collected and sent to the third party; 2) the signals are resampled according to the clock rate of the receiver of interest; 3) the signals' timing differences are estimated by cross correlation; and 4) the crosstalk coupling functions are estimated using the least-squares method. The performance of the cross correlation and least-squares methods is analyzed to determine the amount of data needed for identification. Simulation results show that the proposed methods can identify the crosstalk functions accurately and are consistent with theoretical analysis. These identified crosstalk functions can be used to significantly improve the data rate (e.g., multiuser detection) and to facilitate provisioning, maintenance, and diagnosis of the xDSL systems.
I. INTRODUCTION

D
IGITAL subscriber line (DSL) technology uses the existing unshielded twisted pairs of telephone lines to provide high-speed data transmission services to both the residential and business customers. There are many types of DSLs [1] , which are generically referred to as xDSL, including basic rate DSL (ISDN), HDSL (high-bit-rate DSL), HDSL2 (second generation HDSL), SDSL (single-pair, symmetric DSL), SHDSL (single-pair, high-speed DSL), ADSL (asymmetric DSL), and VDSL (very-high-bit-rate DSL). Today, in the United States, several million telephone lines between the central offices and subscribers are deployed with xDSL technology, and the number of the subscribers is rising rapidly. One major impairment of the current xDSL systems is the severe crosstalk [2] among the telephone lines in the same or neighboring bundles. The severe crosstalk not only limits the maximum data rate of any individual line but can also degrade the existing services if a new service is added to the bundle. Thus, in the currently deployed system, the worst crosstalk scenario is assumed to prevent the breakdown of the system. However, this assumption is often too pessimistic in a real scenario and, hence, limits the overall performance of the system.
There are several overwhelming benefits to identify the crosstalk coupling functions among the telephone lines. First, the crosstalk functions can be used for a multi-user detector [3] - [5] in the modem to cancel the strong interference from other lines. Second, it can improve the data rate (or the line reach) of the systems by a better spectrum assignment for different users. For example, if one user causes strong crosstalk to another user in a particular frequency band, one possible solution other than multiuser detection is that the interfering modem just does not transmit signal in this frequency band. Third, the crosstalk profiles are invaluable for the telephone operators to maintain, diagnose, and expand the current systems. For example, if an existing DSL modem breaks down, the crosstalk profiles can make it much easier to uncover the potential cause of the disruption.
However, it is very difficult to identify the crosstalk functions among the copper wires because the services on these lines could belong to different operators as a result of the unbundling process and regulatory action [6] undertaken in many parts of the world. For example, in the United States and some other countries, competitive local exchange carriers (CLECs) can lease the telephone lines from incumbent local exchange carriers (ILECs, the traditional phone companies) and offer xDSL services to the local subscribers. Consequently, the transmitted signals from different operators' modems are completely asynchronous. Even within the services offered by the same operator, different types of services (HDSL, ADSL, ISDN, etc.), having different symbol rates, are offered in the same bundle.
In the multi-operator environment, one of the major concerns is spectral compatibility between the signals used for transmission by different operators. This compatibility issue is fundamentally determined by the crosstalk level caused by different users. There must be some level of coordination and agreement in which all operators' interests are fairly considered and benefited. Therefore, this paper proposes a new concept of an impartial third-party site in which crosstalk identification is processed and the spectra from different users are monitored. This third-party site collects the transmitted signals and the received signals from each modem for a predefined time span. The details on how to obtain these signals are given in Section II.
Because the modems in the same bundle could belong to different service operators (CLECs and ILEC), the time stamps associated with the signals from different operators' modems could be offset by several milliseconds. Therefore, the first step of data processing is to resolve the timing differences between the transmitted signals from different users and the received signals from one designated receiver. Since the timing difference could be greater than one thousand data symbols, a cross-correlation technique, which has low computational complexity, is 0733-8716/01$10.00 © 2001 IEEE used to match the transmitted signals of the crosstalkers to the received signals. This method can estimate the timing difference coarsely up to a resolution of several data symbols. The cross-correlation technique can also find the strong crosstalkers for a given line. The second step is to use a least-squares estimator to jointly identify the strong crosstalk functions and the finer scale of the timing difference.The performance of these two techniques is analyzed to determine the number of transmitted data symbols needed for identification. If the crosstalk and the primary signal belong to different types of services (e.g., ADSL and HDSL), they have different symbol rates and thus the crosstalk function is time-varying. A resampling scheme for the transmitted signals is described to ensure the stationarity of the crosstalk function. In order to find small crosstalkers, a successive cancellation method is needed to cancel the strong crosstalk signals before the cross correlation is applied to them. Otherwise the cross correlation value may be too small to resolve the timing difference.
This paper is organized as follows. Section II describes the third-party concept and the model for crosstalk identification. Section III presents a solution that combines the cross-correlation technique and the least-squares estimator to identify the crosstalk functions. The performance is analyzed and a resampling scheme to ensure the stationarity of the channel for different types of services is described. The simulation results are shown in Section IV to verify the proposed techniques. Section V concludes the paper.
In this paper, the notations are arranged in the following convention. A normal letter, a bold letter, and a capital letter represent a scalar, a vector, and a matrix, respectively. The superscript symbols and represent "transpose" and "conjugate and transpose" operations, respectively. The normal symbol represents the convolution operation.
II. THIRD-PARTY IDEA
The generic crosstalk model of the xDSL systems for a given receiver is shown in Fig. 1 . The objective is to identify the crosstalk functions for the receiver. The crosstalk includes the near-end crosstalk (NEXT) and the far-end crosstalk (FEXT) [2] . NEXT, if it exists, is generally much larger than FEXT. Therefore, in ADSL and VDSL systems, frequency-division duplexing is used to avoid NEXT. Nevertheless, NEXT may still exist because of other types of services like ISDN, HDSL, HDSL2, SDSL, and/or SHDSL.
It is much easier to identify the crosstalk if the transmitted signals and the received signals are both known. Based on this observation, an impartial third-party site is proposed in which the transmitted signals and the received signals during a given time span from all modems are available for the coupling function identification. This level of coordination is necessary and can be achieved by setting up a standard, which suggests that each operator captures the data that flows through each modem during a predefined time period and sends them to the third party. For example, in the central office site, all service operators have their own DSL access multiplexers (DSLAMs) [1] which can be used to collect the transmitted and received data in each modem during a certain time period. The collected data L is the length of the predefined time span.
is then sent to the third-party site via internet or some other means for processing. In the customer site, the modem has to store the transmitted and received data packets and send them to the third-party site. Because the line characteristics do not change very much, these data packets can be sent either offline when the modems are idle or via low-speed diagnostic channels currently used in most DSL modems. The location of the third-party site is not confined to the central office.
In return, the crosstalk functions obtained from the third-party site are fed back to different service operators who may use this information for various purposes, such as spectral management, system diagnosis, or expansion. These identified crosstalk functions also provide an essential initial condition for a multiuser detector to track the crosstalk response.
The time stamp of each modem from different operators relies on the central office clock. Unfortunately, these time stamps are not accurate and the difference can be as large as several milliseconds. Consequently, the predefined time spans from different modems are not strictly aligned together. Besides, the propagation delays are not equal from different crosstalk sources to the receiver of interest and this effect should also be included in the timing differences, although the differences of the propagation delays are generally much smaller than the differences of the time stamps. Without loss of generality, all transmitters are assumed to have nonnegative timing difference with respect to the time stamp of the designated receiver, as shown in Fig. 2 . Note that the timing difference is represented in terms of the clock cycles of the receiver and it has an integer value. The fractional portion of the delay is absorbed into the channel/crosstalk response. The received output is then (1) where transmitted signals; channel response or the crosstalk function ; timing difference, integer value; white Gaussian noise with variance ; number of crosstalkers. The main problem is to find the crosstalk functions , given the known transmitted signals , the received signals , and the statistics of the noise . In general, the channel response is known and equals zero because the transmitter and the receiver in both ends of the same channel are synchronized. As a result, the signal component can be subtracted from the received signal. In the rest of this paper, only the crosstalk signals are considered.
III. CROSSTALK IDENTIFICATION
Since the timing differences could correspond to several thousand symbols, it is computationally prohibitive to apply the classical least-squares method directly to (1) because it requires the multiplication and inversion of large matrices. Therefore, the cross-correlation technique is first used to estimate the timing differences of the dominant crosstalkers. Then, the crosstalk functions are identified by the least-squares estimator and the crosstalk signals are subtracted from the received signal. The subtraction of the dominant crosstalk signals makes it easier to estimate the timing difference for the smaller crosstalk signals. This successive cancellation process is repeated until all interested crosstalk functions are identified.
The performance of the cross-correlation technique is analyzed to determine the number of symbols required for estimation of the timing differences. Similarly, the performance analysis of the least-squares estimator is studied to determine the tradeoff between the estimation error and the number of data symbols. The classical result of the least-squares estimator focuses on the residual error [7] . This paper takes a different perspective by analyzing the error of the estimated parameter itself and exploits the well-known results of the inverted Wishart function [8] , [9] in the multivariate statistics area.
A. Timing Difference Estimation
The cross-correlation technique has been used to estimate the time delay of arrival (TDOA) [10] . The problem posed here is different in that there are many crosstalkers, which have unknown responses with many taps. The exact delay estimation is not required in this step. Instead, only coarse estimation of the timing differences is pursued.
The cross correlation is defined as (2) Assume that the transmitted signals from different users are independent and have zero mean, i.e., for and . The noise is uncorrelated with all users' signals. The number of taps for is assumed to be . Then, by substitution of , (2) can be rewritten as (3) where is the autocorrelation function of . In the ideal case where the transmitted signals are uncorrelated and have an average energy of , i.e., (4) Because the crosstalk function is a causal finite impulse response (FIR), the timing delay can be estimated by the maximum such that . Unfortunately, the autocorrelation of the transmitted signals is rarely a delta function in xDSL systems and can only be obtained approximately by averaging over a large number of data samples. Therefore, it is difficult to identify the crosstalk function directly from (3). Nevertheless, it is possible to use this equation to roughly estimate the timing difference by searching for the peak of , i.e. (5) The applicability of this method is strongly justified by the following two observations. First, the transmitted signals are very loosely correlated, the auto-correlation function is almost equal to zero if is larger than several symbols. Second, is an FIR filter with a narrow peak in the time domain. The cross correlation is approximated by averaging over many data samples (6) where is the total number of the data symbols used for averaging. The computational complexity of this method is approximately for user . The number of data symbols should be carefully selected to achieve a good tradeoff between the computational complexity and the accuracy of the estimation. In the rest of this subsection, the rough estimation of is discussed.
The mean of the cross correlation is
The variance of the cross correlation is (see Appendix for details) (7) where is the norm of the crosstalk function . This above approximation is surprisingly simple in that user contributes to the variance. To detect the peak value of cross correlation reliably, the ratio of the peak to the standard deviation can be set to a large value, , so that This is equivalent to If the crosstalk signals are assumed to have the same energy and the transmitted signals are temporally uncorrelated, the inequality can be further simplified using (4) to the following form (8) which provides a good guidance for the selection of a reasonable number for . In typical xDSL system models, the background noise is assumed to have power spectral density (PSD) of dBm/Hz. Let us consider two special cases, where and the background noise is ignored.
Example 1: Suppose there are ten crosstalkers that have the same order of magnitudes, i.e., for all . Then, , based on (8). Example 2: Suppose that crosstalker 2 is dominant, which is 20 dB above the others, i.e.,
. Then for crosstalker 2,
. However, to estimate the timing offset of other crosstalkers, . If there is not enough data available, the dominant crosstalkers need to be canceled first and the timing difference estimation for others is performed afterwards.
B. Crosstalk Functions Estimation
After the timing differences between the crosstalk signals and the received signals are grossly estimated, the crosstalk functions and the more accurate timing differences can be obtained jointly by a least-squares estimator. In fact, if some crosstalk signals are too small, the timing differences found through cross correlation may not be accurate enough for the least-squares estimator. Depending on the objective, we can either ignore these small crosstalkers or identify them by finding first the strong crosstalk signals and subtracting them from the received signal.
1) Least-Squares Estimation: Let us denote the timing estimation error from the cross-correlation technique by , and the shifted input by . The crosstalk network model can be rewritten as (9) where the notation is the same as in the original model (1). The difference is that the timing difference in the new model is much smaller than in the original model, which makes it simpler to use the least-squares method. In the ideal case where the transmitted signals are uncorrelated, is the tap number where the absolute crosstalk response has a peak value. In practice, the transmitted signals are weakly correlated, therefore should be in the vicinity of the tap where the absolute crosstalk response is maximum. Mathematically, and . Note that the exact length of the crosstalk response is unknown. Fortunately, a vast number of measurements of the actual crosstalk transfer functions in the field have been taken in the past to obtain the statistical behavior of the crosstalk. From measured results, an upper bound on the tap number is empirically available, which can be used to approximate .
The basic idea for joint detection of the crosstalk response and the delay is explained in the following three steps.
1) Assume the length of the crosstalk response to be 1 in order to include the effect of the timing offset ; 2) Use the least-squares estimator to estimate the crosstalk response of length ; 3) Find out those taps whose coefficients are almost equal to zero in the head and the tail of the crosstalk response, which can be used to find the timing offset . By truncating these taps, the crosstalk response is obtained. The matrix representation of (9) can be written as . . . (10) where is the received signal vector, is the transmitted Toeplitz data matrix, is the crosstalk response vector, , and is the white Gaussian noise vector. Specifically,
where is the number of data samples. Since , each row of the data matrix and the crosstalk response vector can be extended in both directions, i.e., see (12) , shown at the bottom of the page, where and 
. The same notation is used in (11) and (12) to simplify notation. Note that are padded with zeros on the top and zeros in the bottom. From (10), the unbiased estimation of is given by (13) where represents conjugate and transpose. By truncating those taps corresponding to relatively small values in both sides of the vector , we obtain the crosstalk response and the timing offset . For fast algorithms of calculating (13) utilizing the (block) Toeplitz structure of the data matrix, see [11] , [12] and the references therein.
2) Performance Analysis: In this subsection, the estimation errors of the crosstalk responses are analyzed with respect to the number of data symbols . The covariance matrix of the estimated response can be computed as (14) where is the noise variance. Let us denote and the th row of the data matrix as . Suppose all rows are distributed independently, each according to the normal distribution 2 . Then, has the Wishart distribution [13] with a covariance matrix and dimensions, where is the number of columns in , i.e., the number of taps to be estimated. Correspondingly, has the inverted Wishart distribution. The xDSL systems use baseband transmission. Therefore, the data matrix contains only real elements. The first and the second moments of the inverted real Wishart function are [8] (15)
where the elements of an inverted matrix are denoted by the symbols with superscript, for example, and denote the entry of the inverted matrices and , respectively. The input signals are assumed to be white and uncorrelated between different users. If we scale different users' transmitted energy to 1 , then . The normalized sum of the squared estimation errors is
The mean and the variance of follow directly from (15)
if (17) 2 It should be noted that there are two approximations in using the results of the inverted Wishart function. First, the data is not really normally distributed. Second, the adjacent rows of the data matrix are not exactly independent.
There are several interesting observations from the expression above.
• The sum of the squared estimation errors is reduced asymptotically by in the mean sense.
• If equals 1 in the mean sense. The standard deviation of approximately equals , which is relatively small when is large (e.g., . This suggests that the sum of the squared estimation errors is almost in the same level of the noise.
• When is large, the standard deviation of approaches 0 in the order of . Therefore, to keep the estimation error equal to the noise level, the number of data symbols needed is about twice the number of the estimated parameters. Doubling the amount of data reduces the estimation error by 3 dB. For the case of a complex input data matrix , the equations for the first and the second moments of the inverse Wishart function are slightly different [9] but the above rule is also applicable.
Recall that we extend the length of each crosstalk channel to in order to jointly estimate the channel response and the timing offset . After the estimation, we truncate the head and the tail of the channel response to obtain the actual channel response. Since the timing offset is now known, we can apply the least-squares estimator again to solve the real channel response with a more narrow matrix . The new data matrix has size , where . Therefore, with the same amount of data, the error is reduced by 3 dB.
3) Comments on Successive Cancellation: In order to estimate the timing differences for small crosstalkers, it is necessary to first estimate and cancel the strong crosstalk signals. However, the residual error, resulting from cancellation of the strong crosstalk signals, may be compatible with the smaller crosstalk level. Therefore, the previously canceled strong crosstalk signals should be used with the smaller crosstalk signals for the least-squares estimation in order to reduce the estimation errors of the smaller crosstalk functions. Otherwise, a large number of data symbols is needed to estimate the smaller transfer functions because doubling the number of data symbols only reduces the estimation error by 3 dB. The following is an example to illustrate the point.
Example 3: Suppose an xDSL system has two crosstalkers. Crosstalkers 1 and 2 have PSD levels of dBm/Hz and dBm/Hz, respectively. The background noise has PSD level of dBm/Hz. The signal of crosstalker 1 is estimated and canceled first. The residual error is assumed to be dBm/Hz. Now if the signal of crosstalker 2 is estimated by treating the residual error as noise, it would need about data symbols to reduce the estimation error down to dBm/Hz, according to the analysis in Section III.B.2. In contrast, if the signals of crosstalkers 1 and 2 are estimated together, it needs only data symbols, where , are the tap numbers.
C. Resampling for Different Services
As mentioned in the introduction, many different services exist in the same bundle of the telephone lines and have different sampling rates. Therefore, the discrete (sampled) crosstalk function will vary with time if the receiver and the crosstalk transmitter belong to different services and have different symbol rates. However, if we can resample the transmitted signals with the same clock as in the receiver, the crosstalk function is stationary because it reflects the physical configuration of the lines. Fig. 3 shows a typical baseband crosstalk diagram in the xDSL systems, where and are the transmit filter, the crosstalk response, and the receiver low pass filter respectively. The sampling rates for the transmitter and the receiver are and , respectively. The transmitted continuous time signal is where sampling period; discrete data stream; total number of data symbols to be transmitted; fractional delay in terms of the receiver clock. The received signal before sampling is (18) where is the aggregated crosstalk function of concern and is the reconstructed transmitted signal. The second equation above follows from the fact that is not changed by multiplying by another low-pass filter if the receiver lowpass filter is ideal. The bandwidth of the crosstalk function is determined by the smallest one of , and . In other words, the identifiable band of the crosstalk is limited by the smallest frequency band of the crosstalk signal, the crosstalk channel response, and the receiver filter. After sampling at a rate of , we obtain the discrete received signal where
Since both and have a bandwidth less than , there is no aliasing after sampling. The resampling function sinc is not unique, many other functions (e.g., the raised cosine) can be used as alternative resampling functions.
The resampled signals are usually nonstationary and correlated. Therefore, the performance analysis in Subsection III.B.2 should be used cautiously because it is based on the assumption that the transmitted signals are white. Nevertheless, the simulation results still suggest the residual error estimation conforms to the result of (16) very well. These results are not so surprising because the signals before resampling are white and, thus, the resampled signals should contain all the necessary modes to excite all the frequencies of interest. If the transmitted signal is upsampled, the covariance matrix is close to singular and the least-squares estimator can not be applied directly. One solution is to expand the bandwidth of the signal to the bandwidth of the receiver filter during the resampling process. This expansion of the bandwidth will make the covariance matrix have a good condition number and cause a negligible effect in the estimation error.
IV. SIMULATION RESULTS
In this section, we show the simulation results of crosstalk identification in the upstream direction (from the subscriber to the central office). The receiver of interest is assumed to be an ADSL modem. To reflect typical crosstalk environment, the number and the type of the crosstalkers are assumed to be • Four basic rate ISDNs (BRIs);
• Four HDSLs;
• Five ADSLs. All twisted pairs are assumed to be 26-gauge (0.4 mm) and 9000-feet (2744 m) long. The dominant crosstalk signals consist of NEXTs from BRIs and HDSLs. There is no NEXT from ADSL because most of the deployed ADSL modems use frequency-division duplexing scheme. The smaller crosstalk signals consist of FEXTs from ADSLs, BRIs, and HDSLs. Several important characteristics of xDSLs are taken from ITU-T Recommendation G.996.1 [14] and summarized in Table I .
The transmit filters (including pulse shaping filters) from different types of DSLs can also be found in [14] or the corresponding standards. For brevity, we denote them as and omit their mathematical formula here. The model for NEXT is commonly known as
The model for FEXT is where is the loop length in meters and is the loop channel response. Unfortunately, these models do not provide In the simulation, each crosstalk signal is transmitted with a random timing offset with respect to the ADSL receiver. This integer offset is uniformly distributed in the range of . The fractional delay is absorbed into the crosstalk function as described in (18). We identify NEXTs first. The cross-correlation technique is used to grossly estimate these timing offsets. Fig. 6 shows the absolute cross-correlation value for one HDSL NEXT. As expected in the example of Section III-A, the peak value is much higher than the rest of values and gives a good estimate of the timing offset.
With the rough estimated , a least-squares estimator is used to identify the crosstalk responses. Fig. 7 shows an actual HDSL NEXT function and its estimate. They almost overlap each other. Fig. 8 shows the error caused by the crosstalk function estimation error. Clearly, the performance analysis in Section III-B2 is consistent with the result. Note that is a critical turning point, where is the number of the estimated parameters, . When , doubling the number of the data symbols reduces the error by 3 dB. However, the error grows rapidly when the number of data is less than . It may also be interesting to identify the smaller FEXTs. Since they are much smaller than NEXTs, NEXTs are first identified and canceled from the received signal . Then the above two steps can be applied again to find the FEXT functions. The simulation results are similar and not shown here. It should be noted that we also simulated the case where the real measured NEXTs and FEXTs data is used. The results are consistent with the analysis and unfortunately can not be disclosed here.
V. CONCLUSION
Crosstalk is a major impairment of xDSL systems, which significantly limits the data rate and the reach of the twisted pairs. For both ILECs and CLECs, it is invaluable to identify the crosstalk environment for each pair and, thus, offer better services to more users. However, because of the competitive nature of ILECs and CLECs, there is little coordination between them so far. In this paper, an impartial third-party concept is proposed to process the data from all service operators and estimate the crosstalk functions for them. First, a cross-correlation technique is used to determine which lines are coupled with a given line and roughly align the time stamp associated with the data coming from different modems. The amount of data needed for calculating the cross correlation is also analyzed to achieve a low computational complexity. Then, a least-squares estimator is used to jointly estimate the crosstalk response and the finer scale of timing offset among different operators. The performance of the least-squares estimator is analyzed by exploiting the results of the inverted Wishart function. This theoretical result can be used to determine the number of the data samples needed for the estimator. The simulation results confirmed that the proposed techniques can identify the crosstalk responses very accurate with a reasonable computational complexity.
APPENDIX
The mean of the cross correlation in (6) is
Since the transmitted signals are assumed to be zero mean and independent between users, the variance of the cross correlation contains three components where variance caused by user ; variance caused by other users; variance from noise. The variance from user is
The above equation is difficult to evaluate without any further assumption. If the transmitted signals of user are almost temporally uncorrelated and have Gaussian distributions, the variance can be approximated by (20) where is the norm of the crosstalk function . The variance caused by other users is (21), found at the bottom of the page, where is the total number of users. The approximation is due to the assumption that the transmitted signals are temporally independent for each user and have Gaussian distributions. The variance caused by noise is (22) (21) where is the noise variance. Therefore, the variance of the cross correlation is approximately
